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Abstract 

A  series  of  prototype  direct  methanol  fuel  cells  (DMFCs)  were  constructed  and  operated  under  identical  procedures  and  conditions 
except  for  the  surface  compositions  of  the  anode  electrocatalysts.  The  cathode  electrocatalyst  was  Pt  black  (loading  2  mg/cm2,  specific 
surface  area:  ca.  27  m2/g),  the  electrolyte  membrane  was  Nafion™  117,  and  the  anode  electrocatalysts  were  a  series  of  Pt-Ru  adatom 
(Pt-Ruad)  nanoparticles  (loading  2 mg/cm2,  specific  surface  area:  ca.  27  m2/g)  prepared  by  a  direct  surface  reductive  deposition  of  Ruaci 
onto  Pt  black.  The  optimum  surface  coverage  of  Pt  by  Ruatj  was  ca.  33%  for  DMFCs  operating  at  60  °C.  The  optimum  ranged  from  ca.  30 
to  60%  at  90  °C.  A  DMFC  using  Pt-Ruad  nanoparticles  supported  on  carbon  (Vulcan  XC-72™)  as  anode  electrocatalyst  was  operated  for 
20  days  at  8  h  each  day  without  loss  of  activity.  These  results,  combined  with  those  from  an  in  situ  cyclic  voltammetry  study,  indicate  that 
no  significant  Rua<j  dissolution  and/or  redistribution  occurred  during  fabrication  and  operation  of  the  prototype  DMFCs. 
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1.  Introduction 

We  report  a  series  of  direct  methanol  fuel  cells  (DM¬ 
FCs)  using  Pt-Ru  adatom  nanoparticles  (Pt-Ruacj)  as  anode 
electrocatalysts.  The  development  of  highly  effective,  and 
economical  methanol  electrooxidation  catalysts  is  a  topic 
of  intense  research  efforts  [1].  Pt-based  binary  [2],  ternary 
[3]  and  quaternary  [4]  catalysts  are  active  toward  methanol 
electrooxidation,  and  they  are  stable  in  acidic  media.  First 
reported  during  the  mid-1960s  [5-7],  Pt-Ru  nanoparticle 
systems  remain  as  the  most  studied  and  as  the  state-of-the-art 
methanol  electrooxidation  catalyst  in  the  anodes  of  proto¬ 
type  DMFCs  [8,9].  Preparation  of  Pt-Ru  electrocatalysts 
by  deposition  of  submonolayer  amounts  of  Rua(j  onto  Pt 
substrates  provides  a  level  of  control  over  real  surface  area 
(number  of  active  sites)  and  surface  composition  (ratio  of 
moles  surface  Pt  atoms  (Ptsurface)  to  moles  Ruacj  deposited) 
that  is  difficult  to  achieve  using  other  catalyst  preparations. 
The  methods  used  to  prepare  Pt-Rua(j  catalysts  include 
electrochemical  deposition  of  Rua(j  onto  single  crystal  Pt 
(Vxfhkl))  [10-18]  or  polycrystalline  Pt  [19-22],  evapora¬ 
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tive  deposition  of  Ru  atoms  onto  Pt (hkl)  [11,23-28],  and 
chemical  vapor  deposition  onto  Pt  (hkl)  [29,30]. 

Several  non-electrochemical  depositions  of  Ruacj  onto  Pt 
substrates  carried  out  in  solution  (thereby  being  well-suited 
for  preparation  of  nanoparticles)  have  been  reported.  The 
most  studied  is  the  often-termed  spontaneous  depositions 
developed  by  Wieckowski  and  coworkers  [10—13,3 1 — 41  ] . 
This  deposition  involves  the  adsorption  of  Ru  species  from 
aged  perchloric  acid  solutions  of  RUCI3  onto  Pt,  followed 
by  electrochemical  reduction  of  the  Ru  deposits  to  gen¬ 
erate  strongly  adsorbed,  mainly  metallic  Rua(j.  Studies  of 
this  deposition  using  Pt(hkl)  as  substrate  show  that  the 
rate  of  Ru  deposition  [32,38],  the  degree  of  preference  for 
two-dimensional  over  three-dimensional  Rua(j  island  growth 
[36,39^-1],  as  well  as  the  optimum  surface  composition  and 
activity  for  methanol  electrooxidation  are  surface  structure 
dependant  [10-12,32].  This  process  is  also  a  rare  example 
of  an  adatom  deposition  used  to  prepare  Pt-Ru aj  nanoparti¬ 
cles  [35].  Pt-Rua(|  nanoparticles  prepared  this  way  have  been 
studied  by  EC-NMR  spectroscopy  [29,30,36,42],  by  voltam¬ 
metry,  by  CO  stripping  voltammetry,  and  as  catalysts  for  the 
electrooxidation  of  methanol  and  formic  acid  [29,30,35,36]. 
A  spontaneous-type  deposition  developed  by  Vielstich  and 
coworkers  involves  reaction  of  aqueous  RuCb  with  clean  Pt 
[24,25].  This  deposition  is  proposed  to  proceed  via  prior  ad- 
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sorption  of  chloride  onto  the  Pt  surface  with  dissolved  Ru3+ 
ions  acting  as  counter  ions  for  the  adsorbed  chloride.  Elec¬ 
trochemical  reduction  was  then  used  to  generate  Pt-Rua(j 
and  to  desorb  the  chloride  ions  from  the  surface.  Both  of 
these  depositions  are  self-limiting:  they  cease  after  a  spe¬ 
cific  submonolayer  amount  of  Rua(j  precursor  is  deposited 
onto  the  Pt  surface  and  they  can  be  repeated  to  obtain  incre¬ 
mentally  higher  amounts  of  Ruacj  than  those  obtained  from 
single  deposition. 

A  non-electrochemical  deposition  that  directly  gen¬ 
erates  Rua(|  in  reduced  form  involves  hydrogenation  of 
Ru(COD)('n3-C3H5)2  (COD  is  1,5-cyclooctadiene)  over  Pt 
in  hexane  under  mild  conditions  (—40  to  —15  °C,  1  atm  H2) 
to  generate  Pt-Ruacj,  cyclooctane,  and  propane  [43,44].  A 
related  deposition  uses  Ru4H4(CO)i2  to  deposit  Rua(j  and 
CO  onto  Pt  nanoparticles  under  fb  in  hexanes  [45].  This 
deposition  is  self-limiting:  further  deposition  beyond  ca.  0. 1 
surface  equivalents  of  Rua(j  is  poisoned  by  adsorbed  CO. 
Ruaj  have  also  been  deposited  by  adsorbing  the  ruthenium 
cluster  [Ru3(CO)9(MeCN)3]  onto  Pt  surfaces  followed  by 
decomposition  of  the  adsorbed  species  under  hydrogen 
[46,47], 

A  self-limiting,  directly  reductive  deposition  carried  out  in 
water  using  RuC13  as  Rua(j  source  was  developed  by  Janssen 
and  Moolhuysen  in  1975  [48,49].  A  related  version  was  later 
studied  by  Szabo  et  al.  [50,51].  Janssen  and  coworkers  elec- 
trochemically  cleaned  the  Pt  substrate  in  aqueous  H2SO4, 
saturated  the  Pt  surface  with  adsorbed  hydrogen  at  0.05  V 
versus  RHE,  and  then  transferred  the  surface  to  an  aqueous 
solution  of  RuC13.  The  hydrogen  adsorbed  on  the  Pt  surface 
reduced  an  undetermined  amount  of  RuCl3(aq)  to  deposit 
Ruaj  onto  the  surface.  Barbier  and  coworkers  prepared  a  se¬ 
ries  of  M-M^j  catalysts  for  non-electrochemical  reactions 
(e.g.  Pt-Auacj,  Pt-Cua3,  Pd-Pta(j,  Pt-Rea(|,  and  Ru-Cua(j)  us¬ 
ing  a  similar  methodology  [52-60]. 

We  recently  reported  a  non-electrochemical,  aqueous 
method  to  clean  the  surface  of  Pt  black,  to  saturate  its 
surface  with  hydrogen,  and  to  carry  out  repeated  reductive 
depositions  of  Rua(j  using  aqueous  RuCl  yvfEO  (x  =  1-3) 
as  the  adatom  source.  Eq.  (1)  shows  the  idealized  stoi¬ 
chiometry  of  the  reaction  [61].  We  found  that  the  reaction 

3PtSUrf-H  +  RuCl3(aq)  — »■  (Ptsurf)3-Ruad  +  30“  +  3H+ 

(1) 

deposited  ca.  0.18  surface  equivalents  of  Rua(j  (the  ratio  of 
Ruad  deposited  to  Ptsm-f  originally  on  the  substrate)  rather 
than  the  theoretical  maximum  of  0.33  equivalents.  The 
resulting  Pt-Ruad  nanoparticles  were  studied  using  cyclic 
voltammetry,  CO-stripping  voltammetry,  and  as  catalysts 
for  electrooxidation  of  methanol  in  three-electrode  experi¬ 
ments.  The  optimum  Ru  surface  coverage  for  electrooxida¬ 
tion  of  methanol  over  these  nanoparticles  in  three-electrode 
experiments  was  ca.  0.33  (0.4  V  versus  RHE,  60  °C, 
[H2SO4]  =  [MeOH]  =  1.0M,  we  designate  this  cata¬ 
lyst  as  Pt-Ruad-0.33).  Our  results  agreed  with  those  of 


Wieckowski  and  coworkers  [35,36].  Nanoparticle  Pt-Ruad 
catalysts,  prepared  using  either  the  reductive  deposition 
method  reported  by  us,  or  using  the  spontaneous  deposi¬ 
tion  technique  developed  by  Wieckowski  and  coworkers, 
are  almost  twice  as  active  (current  per  active  site)  as  the 
state-of-the-art  commercial  Pt-Ru  alloy  catalysts  (John¬ 
son  Matthey  HiSPEC-6000™).  We  also  reported  initial 
data  from  a  series  of  prototype  DMFCs  using  the  Pt-Ruad 
nanoparticles  as  anode  catalyst  and  found  that  ca.  0.33  was 
the  optimum  Ru  surface  coverage  for  fuel  cells  operating 
on  methanol  at  60  °C.  Reports  of  adatom  systems  as  an¬ 
ode  catalysts  in  actual  prototype  DMFCs  are  rare  [45],  and 
whether  such  adatom  catalysts  can  survive  incorporation 
and  operation  in  a  fuel  cell  has  been  questioned  in  the  liter¬ 
ature  [1,62,63].  For  example,  Wasmus  and  Kuver  [1]  state 
that  neither  chemisorbed  nor  electrosorbed  foreign  metals 
on  Pt  are  a  practical  way  to  make  fuel  cell  catalysts  be¬ 
cause  variations  in  cell  voltages  during  fuel  cell  operation 
may  lead  to  desorption  of  the  foreign  metal  into  the  elec¬ 
trolyte.  Further,  surface  segregation  of  Pt-Ru  systems  has 
been  observed  under  certain  conditions.  For  example,  Ross 
and  coworkers  [62]  observed  a  strong  surface  enrichment 
in  Pt  for  Pt-Ru  alloys  annealed  at  800  °C  in  UHV.  Arico 
et  al.  [64]  also  recently  reported  that  Pt  enrichment  occurs 
in  practical  nanoparticle  Pt-Ru  alloy  catalysts,  particularly 
those  with  low  bulk  Ru  content  alloys.  These  studies  sug¬ 
gest  that  surface  segregation  of  Pt-Rua(j  systems  may  occur 
during  the  fabrication  and  operation  of  DMFCs,  and  that 
segregation  may  limit  the  lifetimes  and  activities  of  Pt-Rua(j 
nanoparticle  catalysts. 

We  now  report  a  detailed  analysis  that  studied  the  elec- 
trocatalytic  activity  and  stability  of  Pt-Rua(j  nanoparticles 
as  anode  catalysts  in  a  series  of  prototype  DMFCs  under 
various  operating  conditions. 

2.  Experimental 

2.1.  Preparation  of  Pt-Ruad  catalysts 

The  nanoparticle  unsupported  and  carbon-supported 
Pt-Ruac]  catalysts  were  prepared  by  the  surface  reductive 
deposition  method  described  in  our  previous  paper  [61]. 
In  brief,  platinum  substrates  (Pt  black,  Johnson  Matthey 
HiSPEC™-1000,  27  m2/g,  Pt/C  with  20wt.%  Pt,  112m2/g, 
and  40wt.%  Pt,  Unrig  from  E-TEK)  were  first  cleaned 
with  3%  H2O2  (ACP  Chemicals  Inc.,  Reagent  ACS,  30%) 
and  then  maintained  in  the  remaining  water  in  the  reactor. 
The  reactor  was  flushed  with  argon  (Praxair,  pre-purified) 
to  remove  any  oxygen,  then  flushed  with  hydrogen  (gener¬ 
ated  by  a  hydrogen  generator.  Peak™  Scientific)  to  reduce 
the  platinum  oxide  surface  to  form  adsorbed  H  on  Ptsurf. 
The  system  was  then  flushed  with  argon  to  eliminate  the 
excess  H3.  An  argon-purged,  freshly  made  0.05  M  RuC13 
(AITHACH  Chemical  Corp.)  aqueous  solution  was  intro¬ 
duced  into  the  reactor  under  argon  protection.  The  solution 
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Table  1 

Pt-Ruacj  catalysts  prepared  by  surface  reductive  deposition  of  Ru  onto  nanoparticle  Pt  and  Pt/C 


Pt  substrates 

Unsupported  Pt-Ruad  (Pt  black) 

Carbon-supported  Pt-Rua(j  (Pt/C) 

20  wt.%  Pt  20  wt.%  Pt  20  wt.%  Pt 

40  wt.%  Pt 

Number  of  depositions 

i 

2 

3 

5 

7 

1 

2 

3 

2 

Surface  equivalent  Ru  (up) 

0.18 

0.38 

0.57 

0.85 

1.31 

0.58 

0.74 

0.85 

/ 

Estimated  Ru  surface  coverage  (i 9 ) 

0.18 

0.33 

0.45 

0.63 

0.75 

NA 

NA 

NA 

NA 

was  stirred  under  argon  for  1  h  to  complete  the  deposition. 
The  Pt-Ruac]  nanoparticles  were  separated  from  the  liquid 
by  vacuum  filtration  in  air,  then  thoroughly  washed  with 
pure  water,  and  dried  under  vacuum  for  24  h.  The  deposition 
was  repeated  as  many  times  as  needed  to  obtain  Pt-Rua(j 
with  high  Ru  surface  coverage. 

Also  as  described  in  detail  in  our  previous  paper  [61],  in 
order  to  measure  the  amount  of  Ruacj  deposited  on  the  Pt, 
Rua(j  was  first  oxidatively  stripped  from  the  surface  by  stir¬ 
ring  the  Pt-Ruac]  or  the  Pt-Ruac[/C  in  a  saturated  solution 
of  K2S2O8  (Fisher  Scientific,  Certified  Reagent)  in  4.0  M 
KOH  (BDH  Inc.,  ACS)  for  1  h  [65].  The  resulting  aqueous 
solutions  of  Ru  ions  were  then  analyzed  using  inductively 
coupled  plasma-atomic  emission  spectrometry  (ICP-AES; 
Perkin-Elmer  Optima)  to  give  the  amount  of  Ru  deposited 
[43,61].  The  surface  equivalents  of  Ru  were  then  calculated 
using  the  amount  of  Ru  measured  and  the  real  surface  area 
of  the  Pt  substrate  (1.31  x  1015  atom/cm2  [66]).  The  results 
were  given  in  Table  1.  The  Ru  surface  coverages  (the  frac¬ 
tion  of  Ruacj  among  the  surface  atoms  on  the  catalyst)  were 
estimated  for  unsupported  Pt-Ruad  (Table  1)  as  described  in 
our  previous  paper  [61].  This  estimation  is  not  applicable  to 
carbon  supported  Pt-Ruad  (see  text).  The  catalyst  samples 
in  this  study  were  designated  as  Pt-Ruad-0  (unsupported) 
and  Pt-Ruad/C-</5  (supported),  6  is  the  estimated  Ru  surface 
coverage,  <p  is  the  surface  equivalents  of  Ru. 

2.2.  Fabrication  of  membrane  electrode  assemblies 

Membrane  electrode  assemblies  (MEAs)  of  geometri¬ 
cal  area  5  cm2  were  prepared  as  described  in  our  previous 
publication  [61].  Briefly,  the  fabrication  procedure  con¬ 
sists  of  three  steps:  preparation  of  catalyst  inks,  painting, 
and  hot-pressing.  The  unsupported  catalyst  inks  were  pre¬ 
pared  by  suspending  the  catalyst  in  water  and  sonicated  for 
30  min  to  thoroughly  wet  and  disperse  the  catalyst.  Enough 
5%  Nafion™  solution  (ElectroChem  Inc.)  was  added  to 
the  mixture  to  give  a  dry  ink  composition  of  80wt.%  cat¬ 
alyst  with  20wt.%  Nafion™  ionomer.  The  mixtures  were 
sonicated  for  another  2  h  at  room  temperature  to  obtain  uni¬ 
formly  dispersed  inks.  The  carbon-supported  catalyst  inks 
were  prepared  by  suspending  the  catalyst  in  5%  Nafion™ 
solution  diluted  with  2-propanol  (e.g.  200  mg  Nafion™ 
solution  in  65  mg  2-propanol)  to  give  a  dry  ink  composi¬ 
tion  of  70wt.%  catalyst  with  30wt.%  Nafion™  ionomer. 


The  mixtures  were  stirred  and  sonicated  alternately  (1  h 
stirring,  1  h  sonicating)  for  a  total  of  6  h.  The  catalyst  inks 
were  painted  onto  5  cm2  Teflon™  decals  at  around  70  °C, 
and  then  baked  in  an  oven  at  135  °C  for  5  min  to  cure  the 
catalyst/Nafion™  composite.  Nafion™-117  membranes 
(Alfa  Aesar)  were  cleaned  and  converted  into  the  acid  form 
by  boiling  in  3%  H2O2  for  1  h,  in  0.5  M  H2SO4  (Alfa  Aesar, 
99.9999%)  for  2h,  and  in  ultra-pure  water  for  2h  with  the 
water  being  changed  every  30  min.  The  cleaned  membranes 
were  stored  in  ultra-pure  water,  and  dried  on  a  vacuum 
table  at  60  °C  for  45  min  immediately  before  use.  The  cat¬ 
alyst  layers  were  transferred  from  the  Teflon™  decals  to 
the  Nafion™  membranes  by  hot-pressing  at  125-127  °C, 
1450-1550psig  for  ca.  2.5  min. 

2.3.  Operation  of  direct  methanol  fuel  cells 

The  MEAs  were  mounted  into  commercial  fuel  cell  hard¬ 
ware  (ElectroChem  Inc.,  FC05-01SP).  The  current  collec¬ 
tors  were  made  of  low-porosity,  high-purity  graphite  blocks 
with  serpentine  flow  fields.  The  cell  was  held  between  two 
gold-plated  copper  contact  plates  using  a  set  of  retaining 
bolts  positioned  around  the  periphery  of  the  cell.  Electri¬ 
cal  heaters  were  placed  behind  each  of  the  copper  plates. 
Separate  voltage  connectors  and  thermocouple  wells  were 
in  each  cell  block  to  provide  accurate  measurement  and 
temperature  control.  Teflon™-treated  carbon  paper  (Elec¬ 
troChem  Inc.,  30  wt.%  polytetrafluoroethylene  (PTFE))  was 
used  as  backing  layers  to  allow  for  even  distribution  of 
reactants.  PTFE  gaskets  were  inserted  to  prevent  the  cell 
from  leaking.  The  fuel  cells  were  operated  by  pumping 
1.0  M  aqueous  methanol  (Sigma- Aldrich,  ACS  HPLC  grade, 
99.93%)  through  the  anode  compartment  at  4.0mL/min, 
with  zero  back  pressure,  from  a  reservoir  at  ambient  tem¬ 
perature,  and  by  flowing  dry  oxygen  (Praxair)  through  the 
cathode  compartment  at  400  standard  cubic  centimeters  per 
minute  (seem)  at  20psig  back  pressure.  Pure  oxygen  was 
used  to  maximize  the  activity  of  the  cathode  so  that  the  dif¬ 
ferences  in  cell  performance  would  reflect  as  much  as  pos¬ 
sible  the  differences  in  anode  catalyst  activity.  Prior  to  tak¬ 
ing  polarization  data,  the  fuel  cells  were  conditioned  for  3 
days  using  the  following  procedure:  the  DMFC  was  heated 
to  60  °C  at  open  circuit  with  methanol  solution  circulating 
through  the  anode,  and  with  oxygen  flowing  through  the 
cathode.  The  cell  was  then  run  at  20mA/cm2  for  4h.  The 
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cell  temperature  was  raised  to  90  °C,  and  the  cell  was  op¬ 
erated  at  100mA/cm2  for  another  4h.  The  cell  was  then 
shut  down  by  turning  off  the  load,  heat,  methanol  and  oxy¬ 
gen  supply,  and  left  overnight  at  room  temperature.  Fresh 
methanol  solution  was  used  the  following  day.  The  perfor¬ 
mance  of  the  DMFCs  stabilized  after  such  conditioning.  The 
cell  potential-current  curves  were  obtained  using  an  890  Se¬ 
ries  computer-controlled  fuel  cell  test  load  (Scribner  Asso¬ 
ciate  Inc.).  The  reported  cell  voltages  are  not  IR  compen¬ 
sated. 

2.4.  Cyclic  voltammetry 

Cyclic  voltammetry  of  the  anode  and  cathode  catalyst 
layers  in  the  assembled,  stabilized  fuel  cells  was  performed 
using  a  Pine  Bipotentiostat  Model  AFCBP1  controlled 
with  Pinechem  2.00  software  [67-69].  The  cyclic  voltam- 
mograms  were  recorded  in  the  fuel  cell  blocks  at  ambient 
temperature,  with  the  working  electrode  under  purified  wa¬ 
ter  flowing  at  8  mL/min,  and  the  other  electrode  was  used 
as  the  counter-  and  reference  electrode  by  supplying  it 
with  humidified  FP  at  100  mL/min  at  zero  back  pressure. 
The  temperature  of  the  hydrogen  humidifier  was  35  °C. 
The  potential  was  scanned  from  0  to  700  mV  versus  the 
counter/reference  electrode  at  10  mV/s. 


3.  Results  and  discussion 

3.1.  Unsupported  Pt-Ruad  anode  catalysts 

Membrane  electrode  assemblies  were  fabricated  using 
Pt-Ruad  nanoparticles  with  various  Ruad  surface  coverages 
as  the  anode  catalyst.  As  much  as  possible,  each  prototype 
DMFC  was  assembled  using  the  same  materials,  procedures, 
and  the  cells  were  conditioned  the  same  way.  To  check  for 
experimental  errors  that  may  have  occurred  during  fabrica¬ 
tion  of  the  MEAs,  two  MEAs  were  fabricated  and  evaluated 
for  each  type  of  anode  catalyst.  The  results  showed  that  the 
DMFC  polarization  data  are  reproducible.  Pt  black  (Johnson 
Matthey  FliSPEC™-1000,  specific  surface  area:  27  m2/g) 
was  used  as  the  cathode  catalyst,  and  Nafion™-117  was 
used  as  the  solid  electrolyte  membrane.  The  batch  of  Pt 
black  used  for  the  cathode  catalyst  was  used  as  substrate 
to  prepare  all  the  Pt-Ruad  anode  catalysts  via  the  reductive 
deposition  of  Rua(j.  The  catalyst  loadings  were  2  mg/cm2  in 
both  the  anode  and  cathode,  and  the  prototype  DMFCs  were 
operated  at  60  and  90  °C.  A  pure  oxygen  feed  was  used  to 
maximize  the  activity  of  the  cathode  in  order  for  the  perfor¬ 
mance  of  the  DMFCs  to  reflect  differences  in  Pt-Ruacj  an¬ 
ode  catalyst  activity.  As  shown  in  our  previous  paper  [61], 
the  specific  surface  area  of  the  Pt  substrate  does  not  change 
significantly  during  this  deposition.  It  is  thereby  reasonable 
to  expect  that  the  real  surface  areas  of  the  anodes  and  cath¬ 
odes  are  similar  in  these  series  of  DMFCs.  The  utilizations 
of  the  Pt  cathode  catalysts  ranged  from  80  to  85%,  as  de- 


Fig.  1.  Polarization  curves  for  a  series  of  DMFCs  with  Pt-Rua(j  anode 
catalysts  of  differing  surface  composition.  Anode:  2  mg/cm2  Pt-Ruad 
catalyst,  1.0  M  methanol  at  4.0  mL/min,  and  zero  back  pressure.  Cathode: 
2  mg/cm-  Pt-black  catalyst,  20  psig  dry  oxygen  at  400  seem. 

termined  by  cyclic  voltammetry  carried  out  in  the  fuel  cell 
(vide  infra). 

The  cell  polarization  curves  are  shown  in  Fig.  1.  It 
can  be  seen  that  at  60  °C,  the  best  performance  was 
obtained  using  Pt-Ruad-0.33,  followed  in  decreasing  or¬ 
der  by  Pt-Ruad-0.45,  -0.63,  -0.75,  -0.18,  and  -0.  This 
activity  sequence  is  consistent  with  that  we  obtained 
in  the  three-electrode  experiments  carried  out  in  1.0  M 
H2S04  +  1.0M  MeOH  at  60°C  [61].  As  expected,  the 
DMFC  performance  improved  as  the  temperature  was  in¬ 
creased.  The  order  of  DMFC  performance  as  a  function  of 
surface  composition  of  Pt-Ruad  anode  catalyst,  however, 
also  changed  upon  increasing  the  temperature.  At  90  °C, 
Pt-Ruad-0.33,  -0.45,  and  -0.63  had  nearly  the  same,  highest 
cell  performance.  This  result  supports  those  observations 
on  the  dependence  of  the  optimum  surface  composition  of 
Pt-Ru  catalysts  on  temperature  reported  in  the  literature 
[70,71].  Specifically,  the  optimum  surface  composition  of 
shiny,  flat  Pt-Ru  alloys  shifts  from  low  to  high  Ru  cov¬ 
erage  with  increases  in  temperature.  We  thereby  propose 
that  for  a  PEM-DMFC  operating  over  a  wide  temperature 
range,  use  of  an  anode  catalyst  composed  of  a  mixture  of 
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Pt-Ru  catalysts  with  surface  compositions  ranging  from 
ca.  10-50%  Ru  would  benefit  the  overall  cell  performance 
versus  temperature  behavior  of  the  cell.  The  optimum  Ru 
surface  coverage  for  the  DMFCs  operating  at  90  °C  was  ca. 
50%.  Arico  et  al.  [64]  studied  the  optimum  surface  compo¬ 
sition  of  unsupported  Pt-Ru  alloy  nanoparticles  as  anode 
catalyst  in  DMFCs  operated  at  130  °C.  They  found  the 
optimum  surface  composition,  as  determined  by  XPS,  was 
ca.  40%  Ru.  Lamy  and  coworkers  [72,73]  recently  reported 
a  optimum  composition  of  20%  Ru  for  carbon  supported 
Pt-Ru  anode  catalyst  in  a  single  DMFC,  irrespective  of  the 
working  temperature  (from  25  to  110°C). 

As  shown  by  Weickowski  and  coworkers  using  spon¬ 
taneous  deposition  [35],  and  shown  subsequently  by 
us  using  direct  reductive  deposition  [61,74],  Pt-Ruad 
nanoparticles  are  inherently  more  active  toward  methanol 
electrooxidation  in  three  electrode  experiments  than  the 
state-of-the-art  commercial  Pt-Ru  nanoparticles  (Johnson 
Matthey  HiSPEC-6000™,  1:1  a/o  Pt:Ru,  specific  surface 
area:  ca.  70m2/gm  [68,75]).  For  example,  Pt-Ruad-0.33  is 
1.6  times  more  active  than  the  commercial  Pt-Ru  at  60  °C 
and  0.4  V  (1.0  M  H2S04  +  1.0M  MeOH)  in  terms  of  the 
per  surface  site  activity  (see  insert  in  Fig.  2a).  In  order 
to  compare  the  performance  of  the  Pt-Ruad  nanoparticles 
with  the  commercial  Pt-Ru  alloy  nanoparticles  in  proto¬ 
type  PEM-DMFCs,  a  membrane  electrode  assembly  was 
fabricated  using  the  commercial  Pt-Ru  black  as  the  anode 
catalyst.  This  MEA-DMFC  was  manufactured,  conditioned, 
and  operated  using  the  identical  procedure  as  for  Pt-Ruad 
anode  catalysts.  Fig.  2  shows  the  polarization  curves  of 
DMFCs  with  Pt-Ruad-0.33  and  the  commercial  Pt-Ru  an¬ 
ode  catalyst.  The  currents  are  normalized  to  the  total  surface 
area  of  the  anode  catalyst,  which  was  obtained  using  the 
specific  surface  area  of  the  catalyst  and  the  anode  catalyst 
loadings.  It  can  be  seen  that  in  the  kinetically  controlled 
(low  current)  region,  the  commercial  Pt-Ru  catalyst  is  more 
active  than  Pt-Ruad-0.33.  This  order  of  activity  is  contrary 
to  the  results  obtained  using  the  three-electrode  cell  ( 1 .0  M 
H2SO4  +  1.0  M  MeOH)  which  show  that  the  commercial 
Pt-Ru  nanoparticles  are  less  active  than  the  Pt-Ruad-0.33 
nanoparticles  (insert,  Fig.  2a).  This  inversion  of  the  real 
activity  of  commercial  Pt-Ru  versus  Pt-Ruad  observed  be¬ 
tween  PEM-DMFCs  and  three-electrode  cells  suggests  that 
the  commercial  Pt-Ru  anode  structure  is  different  from  the 
Pt-Ruaci  anode  structure.  Catalyst  layer  structures  determine 
the  methanol,  CO2  mass  transport,  ionic  conductivity,  and 
catalyst  utilization  [76-82].  In  this  study,  the  commercial 
Pt-Ru  anode  may  have  a  better  structure  than  the  Pt-Rua(j 
anode.  In  addition,  the  commercial  catalyst  may  be  acti¬ 
vated  towards  methanol  electrooxidation  during  fabrication 
of  the  MEA  and  conditioning  of  the  DMFC.  For  example, 
this  catalyst  contains  metal  oxides  in  the  as-received  form, 
and  these  oxides  will  affect  the  wettability  of  the  catalyst  by 
Nafion™.  Further  they  are  to  some  extent  reduced  during 
the  conditioning  and  operation  of  the  DMFC,  resulting  in 
catalyst  surface  reconstruction  to  a  better  optimized  operat¬ 


ing  catalyst  [68,83].  As  indicated  by  our  earlier  data  [45], 
and  as  we  examine  further  in  this  work  (vide  infra),  Pt-Rua(j 
nanoparticles  do  not  appear  to  change  significantly  during 
fabrication  of  the  MEA  and  operation  of  the  fuel  cells. 
As  a  result,  it  appears  that  the  higher  activity  of  Pt-Ruacj 
over  the  commercial  alloy  measured  in  the  three-electrode 
cell  was  overcome  in  the  PEM-DMFC  by  the  differences 
in  electrode  structure  and  in  surface  reconstruction  of  the 
commercial  catalyst.  This  study  demonstrates  that  a  good 
catalyst  for  fuel  cells  must  be  active  after  incorporation, 
conditioning,  and  it  must  also  settle  into  a  suitable  electrode 
structure. 

It  should  be  pointed  out  that  the  better  performance  ob¬ 
served  on  Pt-Ruad-0.33  than  that  measured  on  the  commer¬ 
cial  Pt-Ru  in  the  high  cell  current  density  (low  cell  voltage) 
region  does  not  suggest  that  Pt-Ruac|-0.33  is  more  active  than 
commercial  Pt-Ru.  This  is  simply  because  in  the  high  cur¬ 
rent  region,  methanol  and/or  CO2  mass  transport  dominates 
the  performance  of  the  cell  using  the  commercial  catalyst. 


(a)  Current  Density  /  (|iA  cm'2) 


Fig.  2.  DMFC  polarization  curves  with  currents  normalized  by  the  total 
surface  area  of  the  anode  catalysts.  Anode:  2  mg/cm2  catalyst,  1.0  M 
methanol  at  4.0mL/min.  Cathode:  2  mg/cm2  Pt-black  catalyst,  20psig  dry 
oxygen  at  400  seem.  The  insert  is  the  potentiostatic  methanol  oxidation 
current  densities  normalized  by  the  real  surface  area  of  the  catalysts. 
The  currents  were  measured  in  a  three-electrode  cell  containing  1.0  M 
MeOH  +  1.0  M  H2S04. 
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Fig.  3.  DMFC  polarization  curves  with  currents  normalized  by  the  mass 
of  the  anode  catalyst.  Anode:  2mg/cnr  catalyst,  1.0M  methanol  at 
4.0mL/min.  Cathode:  2  mg/cm2  Pt-black  catalyst,  20psig  dry  oxygen 
at  400  seem.  The  insert  is  the  potentiostatic  methanol  oxidation  cur¬ 
rent  densities  normalized  by  the  mass  of  the  catalysts.  The  currents 
were  measured  in  a  three-electrode  cell  containing  1 .0  M  MeOH  +1.0 
M  H2S04. 


We  found  (see  insert  of  Fig.  3a)  that  the  mass  ac¬ 
tivities  (current  per  mg  catalyst)  of  Johnson  Matthey 
Pt-Ru  alloy  and  another  commercially  available  catalyst, 
E-TEK  (PtRu)0A,  were  nearly  the  same  (ca.  18mA/mg) 
in  three-electrode  experiments  (at  60  °C,  0.4  V,  1.0M 
H2SO4,  and  1.0  M  MeOH).  They  were  higher  than  that 
of  Pt-Ruad-0.33  (ca.  lOmA/mg)  because  the  specific  sur¬ 
face  areas  of  these  commercial  catalysts  are  quite  high. 
Fig.  3  shows  the  cell  polarization  curves  with  currents  nor¬ 
malized  to  per  mg  anode  catalysts.  In  contrast  with  the 
three-electrode  experiments,  the  mass  activity  of  E-TEK 
(PtRu)0A  anode  catalyst  is  lower  than  that  of  Johnson 
Matthey  Pt-Ru  and  of  Pt-Ruad-0.33.  The  poor  performance 
of  the  E-TEK  (PtRu)Ot  catalyst  in  the  DMFC  likely  arises 
from  non-optimal  electrode  structure  or  catalyst  surface  re¬ 
structuring  [78].  The  importance  of  electrode  structures  and 
catalyst  reconstruction  during  the  fabrication  and  operation 
of  DMFCs  should  not  be  underestimated. 

Fig.  4  shows  plots  of  power  density  versus  current  density 
for  these  DMFCs.  Also  included  in  this  graph  are  the  cell 


Fig.  4.  Power-current  and  voltage-current  curves  for  DMFCs  employing 
Pt-Ruad,  Pt-Ru  from  Johnson  Matthey  and  (Pt-Ru)Ov  from  E-TEK  an¬ 
ode  catalysts.  Anode:  2mg/cnr  catalyst,  1.0  M  methanol  at  4.0mL/min. 
Cathode:  2  mg/cm2  Pt-black  catalyst,  20psig  dry  oxygen  at  400  seem. 
Currents  are  normalized  to  the  geometrical  area  of  the  electrodes. 


polarization  curves.  The  peak  power  output  for  the  Pt-Ruad 
cell  approaches  125mW/cm2  at  ca.  400mA/cm2  and  at 
90  °C.  This  maximum  power  is  about  70%  that  of  the  John¬ 
son  Matthey  Pt-Ru  cell  (175mW/cm2  at  ca.  450mA/cm2), 
and  it  is  comparable  to  that  of  the  E-TEK  (PtRu)Ov  cell 
(130mW/cm2  at  ca.  450mA/cm2).  The  operating  tempera¬ 
ture  has  a  significant  effect  on  the  power  output.  For  exam¬ 
ple,  increasing  the  operating  temperature  from  60  to  90  °C 
increased  the  peak  power  density  of  the  Pt-Ruad  cell  from  50 
to  125  mW/cm2.  In  a  recent  literature  example,  400  mW/cm2 
peak  power  density  has  been  reported  for  a  Nahon™-112 
DMFC  (2.2  mg/cm2  Pt-Ru  on  anode,  2.2  mg/cm2  Pt  black 
on  cathode)  operating  at  130  °C  on  5  atm  oxygen  [84].  The 
anode  fuel  system  must  be  pressurized  to  keep  the  fuel  in  a 
liquid  state  if  a  cell  is  operated  over  100  °C;  however,  the 
design  of  such  a  high-temperature  liquid  feed  PEM-DMFC 
is  complex,  and  was  not  pursued  for  this  investigation.  We 
point  out  that  electrode  structure,  flow  fields,  cell  shape, 
current  collectors,  and  other  factors  all  affect  the  per¬ 
formance  of  DMFCs  [80,85-87].  Our  DMFCs  were  not 
optimized  for  all  these  factors,  they  were  optimized  for 
consistency. 
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3.2.  Carbon-supported  Pt-Ruad  anode  catalysts 

We  prepared  a  series  of  carbon-supported  Pt-Ruacj  cata¬ 
lysts  using  Pt  on  Vulcan™  XC-72R  (20wt.%  Pt,  specific 
surface  area:  112m2/g,  E-TEK)  as  substrate  by  the  direct 
reductive  deposition  (Table  1).  It  appears  that  Ru3+  was 
not  only  reduced  by  Ptsurface-H  leading  to  the  formation  of 
Pt-Ruacj  nanoparticles,  but  it  was  also  adsorbed  onto  the  sur¬ 
faces  of  the  carbon  support.  This  is  suggested  by  the  high 
number  of  surface  equivalents  of  Rua(j  that  were  obtained 
after  a  single  deposition  onto  Pt/C,  ca.  0.58.  This  amount 
is  larger  than  the  maximum  (0.33)  that  could  be  obtained 
if  the  Rua(j  was  deposited  only  by  reaction  with  Ptsurface-H 
(Eq.  (1)),  and  as  discussed  in  our  previous  paper  [61].  It  is 
likely  that  the  Ru3+  adsorbed  by  the  carbon  support  was 
reduced  by  methanol  during  operation  of  the  DMFC,  re¬ 
sulting  in  a  (Pt-Ruatj  +  Ru)/C  catalyst.  It  is  not  possible  to 
discriminate  between  the  Ru  on  Pt  surfaces  and  on  carbon 
surfaces  with  the  data  obtained  during  this  study.  A  TEM 
analysis  will  be  carried  out  in  the  future  to  address  this  is¬ 


Fig.  5.  Polarization  curves  for  DMFCs  with  carbon-supported  Pt-Ruad 
anode  catalysts.  Anode:  0.65  ±  0.2  mg/cm2  PtRua(j/C  (20wt.%  Pt)  cata¬ 
lyst,  1.0  M  methanol  at  4.0mL/min.  Cathode:  2  mg/cm2  Pt-black  catalyst, 
20 psig  dry  oxygen  at  400  seem.  Currents  are  normalized  to  the  geomet¬ 
rical  area  of  the  electrodes. 


sue.  The  surface  equivalents  of  Ru  (expressed  as  a  percent¬ 
age  of  the  number  of  Rua(j  deposited  to  the  number  of  sur¬ 
face  atoms  of  Pt  on  the  substrate)  thereby  does  not  reflect 
the  surface  ratio  of  Ruacj  to  Ptsurface  in  the  Pt-Ruacj  phase, 
but  it  serves  as  an  indication  of  the  total  amount  of  Ru  de¬ 
posited.  MEAs  were  fabricated  using  Pt-Ruacj/C  as  anode 
catalyst  and  unsupported  Pt  black  as  cathode  catalyst.  The 
cathode  catalyst  loading  was  maintained  at  2  mg/cm2.  The 
anode  catalyst  loading  was  ca.  0.65  mg/cm2  for  Pt-Ruad/C. 
Smotkin  and  coworkers  [88]  reported  that  MEAs  prepared 
using  Pt-Ru/C  (20wt.%  metal  loading,  1:1  a/o  Pt:Ru)  as 
anode  catalyst  showed  no  improvement  in  cell  performance 
with  anode  loadings  above  ca.  0.5  mg/cm2.  We  found  that  it 
is  difficult  to  transfer  ( Pt-R u a(j / C )/N afi ( in™  composite  lay¬ 
ers  containing  high  metal  loadings  to  Nafion™-117  mem¬ 
branes  by  hot  pressing. 

Fig.  5  shows  the  cell  polarization  curves  measured  at 
60  and  90  °C.  The  Pt-Rua(j/C-0.74  (after  two  depositions) 
catalyst  has  the  same  performance  as  Pt-Ruacj/C-0.85  (af¬ 
ter  three  deposition  cycles),  and  it  is  slightly  better  than 
Pt-Ruad/C-0.58  (after  a  single  deposition).  This  trend  is  sim- 


0  100  200  300  400  500 

(b)  Current  Density  /  (mA  cm'2) 

Fig.  6.  Comparison  of  carbon-supported  and  -unsupported  Pt-Ruad  as 
anode  catalyst  in  a  PEM-DMFC.  Anode:  1.0M  methanol  at  4.0mL/min. 
Cathode:  2  mg/cm2  Pt-black  catalyst,  20  psig  dry  oxygen  at  400  seem. 
Currents  are  normalized  to  the  geometrical  area  of  the  electrodes. 
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ilar  to  that  observed  for  unsupported  Pt-Ruad.  The  perfor¬ 
mance  of  commercially  obtained  carbon-supported  Pt-Ru 
alloy  nanoparticles  (E-TEK,  20wt.%  Pt-Ru  on  Vulcan™ 
XC-72R,  specific  surface  area:  ca.  112m2/g)  were  also  de¬ 
termined  in  these  PEM-DMFCs,  and  the  result  is  included 
in  Fig.  5.  The  Pt-Ruacj/C  was  as  active  as  the  commercially 
available  Pt-Ru/C  at  all  temperatures  studied.  Note  that  the 
specific  surface  area  of  Pt-Ruacj/C  and  E-TEK  Pt-Ru/C  are 
similar.  These  results  show  that  the  supported  Pt-Rua(|  sys¬ 
tems  have  performances  similar  to  supported  Pt-Ru  alloy 
systems  in  PEM-DMFCs. 

A  40  wt.%  metal  loading  Pt-Rua(j/C  catalyst  was  prepared 
by  the  surface  reductive  deposition  method  using  40  wt.% 
Pt/C  (E-TEK)  as  the  substrate.  The  relatively  high  metal  con¬ 
tent  in  this  40  wt.%  Pt-Ru a(]/C  catalyst  allows  the  fabrication 
of  an  MEA  with  relatively  high  anode  catalyst  loading  with¬ 
out  a  significant  increase  in  the  thickness  of  the  catalyst  layer. 
An  MEA  with  anode  metal  loading  of  1  mg/cm2  was  fabri¬ 
cated  using  this  catalyst.  Fig.  6  presents  the  cell  polarization 
curves.  Also  included  in  this  figure  is  the  performance  of  an 
MEA  containing  2  mg/cm2  unsupported  Pt-Ruacj  anode.  It 
can  be  seen  that  the  performance  of  the  1  mg/cm2  Pt-Ruacj/C 
(after  two  depositions)  anode  is  equal  to  the  performance  of 
the  2  mg/cm2  unsupported  Pt-Ru a(j  catalyst  (after  two  depo¬ 
sitions). 


3.3.  Stability  of  Pt-Ru ad  anode  catalysts 

Due  to  the  lack  of  direct  techniques  to  characterize  the  dis¬ 
tribution  of  Ruacj  on  highly  dispersed  nanoparticle  Pt-Rua(j 
surfaces,  we  used  cyclic  voltammetry  and  fuel  cell  perfor¬ 
mance  to  obtain  information  about  possible  surface  changes 
of  the  Pt-Ruacj  catalysts.  We  previously  reported  the  cyclic 
voltammograms  of  the  various  freshly  prepared  Pt-Ruad 
catalysts  measured  in  1.0M  H2SO4  at  ambient  tempera¬ 
ture  [Fig.  1  in  Ref.  [61]].  In  this  study,  we  measured  the 
cyclic  voltammograms  of  these  Pt-Ruad  nanoparticles  after 
they  were  incorporated  into  the  anode  layer  of  MEAs,  the 
MEA-DMFCs  were  conditioned,  and  then  operated  for  sev¬ 
eral  days.  The  measurements  were  carried  out  in  the  fuel 
cell  test  block  at  room  temperature.  The  anode  served  as 
the  working  electrode  under  circulated  Ar-purged,  purified 
water.  The  Pt  black  cathode  was  used  as  counter-  and  refer¬ 
ence  electrodes  by  supplying  it  with  humidified  PE  (1  atm) 
[67-69].  The  potentials  are  reported  versus  this  reference 
electrode.  Typical  CVs  are  shown  in  Fig.  7.  Currents  are 
normalized  to  per  gram  catalysts.  It  can  be  seen  that,  with 
increasing  Ru  coverage,  the  peak  resolution  in  the  “hydro¬ 
gen  region”  decreases,  and  currents  in  the  “double-layer 
region”  increase.  A  sharp  peak  at  ca.  120  mV  appears  when 
the  Ru  coverages  are  higher  than  0.33,  and  its  intensity 


Fig.  7.  Cyclic  voltammograms  of  anode  catalysts  recorded  in  PEM-DMFCs  at  25 °C,  lOmV/s  sweep  rate.  The  anode  catalyst  loading  is  2  mg/cm2. 
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Fig.  8.  Durability  test  for  the  PEM-DMFC  with  Pt-Ru^d/C  anode  cat¬ 
alyst.  Anode:  0.68  mg/cm2  Pt-Ruad/C-0.58  (20wt.%  Pt)  catalyst,  1.0M 
methanol  at  4.0mL/min.  Cathode:  2  mg/cm2  Pt-black  catalyst,  20psig  dry 
oxygen  at  400  scent.  Currents  are  normalized  to  the  geometrical  area  of 
the  electrode. 

increases  with  Ru  coverage.  All  these  features  closely  re¬ 
semble  those  we  previously  observed  on  freshly  prepared 
Pt-Ruad  in  H2SO4.  [Fig.  1  in  Ref.  [61]]  Comparison  of  the 
individual  CV s  recorded  in  MEA  to  those  recorded  in  H2SO4 
for  the  same  Pt-Ruad  shows  that  no  significant  changes  oc¬ 
cur  before  and  after  hot-pressing  into  an  MEA  and  operation 
of  the  DMFC.  Cyclic  voltammetry,  therefore,  indicates  that 
no  significant  surface  reconstructions  (Ru  redistribution  and 
dissolution)  were  observed  for  Pt-Ruad  during  the  fabrica¬ 
tion  of  the  MEAs. 

The  moderate-term  stability  of  the  PEM-DMFC  with 
Pt-Ruad/C-0.58  (20  wt.%  Pt)  anode  catalyst  was  tested  at  60 
and  90  °C.  These  data  are  shown  in  Fig.  8.  The  cell  was  run 
for  a  total  of  20  days  at  8  h  per  day.  A  typical  day  operation 
procedure  is  as  follows.  First,  the  cell  was  heated  to  60  °C 
at  open  circuit  (ca.  10  min)  with  1.0  M  aqueous  methanol 
circulating  through  the  anode  compartment,  and  oxygen 
flowing  through  the  cathode  at  20psig  back  pressure.  The 
cell  was  then  operated  at  20  mA/cm2  (ca.  0.45  V)  for  1 .5  h, 
at  50  mA/cm2  (ca.  0.4  V)  for  1  h,  and  at  100  mA/cm2  (ca. 
0.35  V)  for  another  hour.  The  cell  was  then  polarized  by 


sweeping  the  cell  potential  back  and  forth  from  open  cir¬ 
cuit  to  0. 1  V  several  times  until  a  reproducible  polarization 
curve  was  obtained  (ca.  10  cycles).  After  the  sweeps,  the 
cell  current  was  held  at  100  mA/cm2,  and  the  cell  was 
heated  to  90  °C  (ca.  10  min).  The  cell  was  then  operated  at 
100  mA/cm2  (ca.  0.45  V)  for  1.5  h,  and  200  mA/cm2  (ca. 
0.35  V)  for  another  1.5  h.  Potential  sweeps  were  performed 
again.  Finally,  the  electronic  load  and  heating  were  turned 
off,  and  the  methanol  and  oxygen  supply  were  shut  down. 
As  shown  in  Fig.  8,  no  loss  in  performance  was  observed 
over  20  days  operation.  This  result  indicates  that  no  Ru  dis¬ 
solution  and/or  redistribution  occurred  that  is  large  enough 
to  affect  the  catalytic  activity. 

4.  Conclusions 

Unsupported  and  carbon  supported  nanoparticle  Pt-Rua(j 
catalysts  prepared  using  the  surface  reductive  deposition 
technique  were  evaluated  as  anode  catalysts  in  liquid  feed 
PEM-DMFCs.  It  was  found  that  the  surface  composition  of 
unsupported  Pt-Rua(|  nanoparticles  has  a  significant  influ¬ 
ence  on  their  activities  as  anode  catalysts  in  DMFCs.  The  op¬ 
timum  Ru  surface  coverage  was  ca.  33%  for  DMFCs  operat¬ 
ing  at  60  °C,  and  ca.  30-60%  for  DMFCs  operating  at  90  °C. 
Carbon-supported  Pt-Rua(j  catalysts  display  higher  mass  ac¬ 
tivities  than  unsupported  Pt-Rua(j.  Comparable  cell  perfor¬ 
mance  can  be  obtained  using  carbon-supported  Pt-Ruad  with 
much  lower  metal  loading  than  unsupported.  The  maximum 
power  density  measured  on  Pt-Rua(j  approaches  70%  of  that 
obtained  on  the  state-of-the-art  commercial  Pt-Ru  alloy  cat¬ 
alyst  from  Johnson  Matthey,  despite  the  specific  surface  area 
of  Pt-Ruad  being  only  40%  that  of  the  Johnson  Matthey 
Pt-Ru  catalyst.  Cyclic  voltammetry  showed  that  no  obvious 
surface  restructuring  of  Pt-Ruad  occurred  during  the  fabri¬ 
cation  and  operation  of  the  DMFCs.  A  PEM-DMFC  using 
Pt-Ruad/C  anode  catalyst  was  operated  for  20  days  on  an 
intermittent  basis  with  no  obvious  deterioration  in  the  cell 
performance.  This  result  shows  that  Pt-Ruad  nanoparticle 
catalysts  should  be  explored  further  as  catalysts  in  practical 
DMFCs. 
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